I. INTRODUCTION
In recent years, atmospheric pressure plasmas have received growing attention due to lower-cost and easier implementation than their low-pressure counterparts. As a result, atmospheric pressure plasmas are being explored for a large variety of applications including plasma medicine, [1] [2] [3] air purification, 4 ,5 sterilization, 6, 7 surface modification, 8, 9 and water treatment. 10, 11 Many of these applications rely on the production of reactive oxygen species (ROS), which can be obtained readily in atmospheric-pressure cold plasmas in gases containing admixtures of O 2 and=or H 2 O. The electronegative character of O 2 and H 2 O containing plasmas and their complex chemistry results in intricate plasma dynamics and chemical kinetics that are gradually being unraveled by growing number of experimental and computational studies. [12] [13] [14] [15] [16] [17] [18] Accounting for a complete chemistry model in a fluid simulation is computational demanding and therefore simpler global models are often used to identify the main chemical pathways in the discharge. Global models determine volume-averaged quantities eliminating spatial gradients and reducing the computational cost.
14 Global models of low-temperature atmospheric-pressure plasmas in ArþO 2 , HeþO 2 and HeþH 2 O have recently been reported. [15] [16] [17] [18] Global models, however, are a crude approximation of the actual discharge because in most atmospheric-pressure plasmas local kinetics prevail and inhomogeneous spatiotemporal profiles are routinely observed experimentally. 19 Fluid models are a better representation and have been used to study atmospheric-pressure electronegative discharges, revealing interesting features. For example, a DBD in HeþO 2 mixtures was numerically studied with a model that accounted for 12 species and 18 reactions 20 and an RFexcited HeþO 2 plasma jet using a more comprehensive chemistry model that incorporated 16 species and 116 reactions. 21 2-D fluid models of HeþO 2 þH 2 O plasmas have also been reported in the literature. 22 In this paper we report on the simulation results of a HeþO 2 (0.5%) rf (13.56 MHz) discharge at atmosphericpressure by means of a 1D fluid model with a chemistry set that includes 17 species and 60 reactions (Table II) . These have been identified as the main chemical species=reactions in a previous study that used a comprehensive chemistry model with 250þ reactions. 16 Besides the main 55 reactions identified in Refs. 16 and 5 additional reactions that were neglected due to the overestimation of the radial flux in the previous study 16 have been incorporated. The paper is organized as follows. The model used in the study is described in detail in Sec. II and the simulation results are presented in Sec. III. In Secs. IV and V power distribution, and sidewise (radial) and electrode (axial) losses are discussed in detail and concluding remarks are given in Sec. VI.
II. DESCRIPTION OF THE MODEL
Fluid models have been widely used for the investigation of low-temperature atmospheric-pressure plasmas. Most of the models found in the literature are based on homemade codes, although a growing number of commercial a) Electronic mail: mzrong@mail.xjtu.edu.cn. modeling platforms are being reported in recent years. For this study COMSOL MultiphysicsV R was used. This generic partial differential equation solver has successfully been used in other 1-D and 2-D plasma studies. 21, 23, 24 The discharge considered in this study is generated between two circular electrodes with radius R ¼ 1 cm, separated by a gap g ¼ 0.2 cm. The plasma is rf excited (13.56 MHz) with an average power density of 40 W=cm 3 . A HeþO 2 (0.5%) mixture is used as feedstock gas, and the gas flow rate is assumed to be 1slm. The neutral gas temperature is set to be 350 K. These conditions reflect those encountered in the experimental work of Liu et al. 19 and are kept constant through the paper. The plasma chemistry used in this study is based on the comprehensive analysis reported in Ref. 16 where the main species and dominant reactions in HeþO 2 plasmas were selected out of 250þ reactions. In that study 3 regimes were identified based on the oxygen concentration in the background gas. The oxygen concentration considered in this study (0.5%) lies on the boundary of regime 2 and 3 identified in Ref. 16 , and therefore for this work we have combined the reactions given for those two regimes. As a result the following species are considered in the model: electrons (e), pos- The fluid model solves the mass conservation equation for each species (Eq. (1)), the current continuity equation (Eq. (2)) and the electron energy conservation equation (Eq. (3)). Given the high collisionality of the discharge, the particles inertia is neglected and the drift-diffusion approximation is used in the model (Eq. (4))
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where n i , C i , l i , D i , S i , m i are the density, flux, mobility, diffusion coefficient, net gain=loss rate and mass of species i. J is the net current density, E the electric field and e the mean electron energy. e 0 is vacuum permittivity, e the elementary charge and k B the Boltzmann constant. R el is the momentum transfer collisional rate between electrons and background gases and T the temperature of plasma species. DE j and R j are the electron energy loss due to inelastic collision j and its corresponding reaction rate. Subscripts e, þ, À, and k represent electron, positive ion, negative ion and background gas species (He and O 2 ), respectively.
The gain=loss rate term (S i ) in Eq. (1), accounts not only for volume reactions but also for diffusion and advection in the radial direction, as these can become important in determining the density of long lived species, such as ozone, in HeþO 2 plasmas
here S r,i is the net generation=loss rate of species i due to volume reactions in the plasma, C i denotes the radial flux of species i due to diffusion, s the "sidewall" area (2pRg), V the discharge volume (pR 2 g), F the gas flow rate and n i the number density of species i. The second term on the right hand side (C i s=V) represents the radial loss rate of species i due to diffusion, while the last term (Fn i =V) represents the radial loss rate of species i due to gas flow (advection). The radial loss can only be approximated in a 1D simulation and it is further discussed in Sec. IV.
Regarding fluxes to the electrodes, the following boundary conditions are used for charged species:
where n is the normal vector pointing towards the wall, c is the secondary emission coefficient and v th the thermal velocity. c is set to 0.03 for positive ions and zero for other species, following the simplistic approach previously used by Shi et al. 25 A more accurate description of the secondary electron emission processes that accounts for metastable-and photoninduced electrons would be required for discharges operated in the gamma-mode (lower frequency, smaller gaps, higher input) [26] [27] [28] as under those conditions secondary processes can affect the discharge dynamics considerably. 29 The switching function a takes a value of one when the drift velocity is directed towards the electrode and zero otherwise:
The electrode loss of neutral species is difficult to describe precisely as it may need to account for adsorption=desorption of species as well as surface reactions. The difficulty lies not in the modeling of these processes but on the lack of rate constants for most species and the dependence of these on the materials used as electrode=targets, their surface condition and even the exposure time to the plasma. 31 This loss is discussed in Sec. V. The electron energy flux to the electrodes is given by 21, 23 
where e c is the energy of secondary electron emitted from the electrodes and fixed at 5 eV. 23 The effective electron temperature (T eff ) is calculated from the electron mean energy (e ¼ 1.5k B T eff ) and the ion temperature is obtained using Wannier's formulation. 32 The electron mobility and diffusivity are calculated as a function of mean electron energy using Bolsigþ, 33 a Boltzmann solver. The transport coefficients for other species are obtained from the literature as summarized in Table I .
The set of equations described above is solved using a time-dependent finite-element partial differential equation solver, COMSOL MultiphysicsV R , and results have been post-processed with MATLABV R .
III. SIMULATION RESULTS
In order to validate the model, simulation results were first compared against experimental data. Fig. 1 shows the root-mean-square (RMS) I -V characteristic obtained in this study with the experimental data reported in Ref. 19 . A reasonable agreement is found between the two, suggesting that the model is capable of capturing the main features of the discharge. Discrepancies between simulation and experimental data are mainly attributed to 2D effects not captured in the model (e.g., filling up of the discharge gap with increasing power) and the oversimplified account of secondary electron emission processes. Fig. 2 shows the density profiles of electrons, positive ions, negative ions and net electrical charge, at 4 different times in an RF cycle. The ion density profiles remain virtually unchanged due to the large ion inertia, while the more mobile electrons oscillate between the two electrodes. The ambipolar field traps anions and confine them to the central region of the discharge, creating a central electronegative plasma core with electropositive edges. The ion density profiles are flat in the bulk and steep in the sheaths, as predicted for moderate-pressure electronegative discharges. 38 The preferential power deposition on the sheath edges during the expansion and contraction of the sheaths results on the observed double hump ionic profiles. 27 It is noted that the electronegativity (n À =n e ) is around 1 even though the oxygen concentration is only 0.5%. Double layers typically observed in electronegative discharges are also observable at the sheath-bulk boundaries in the net electrical charge profiles (curve IV in Fig. 2 ). These result from the modulation of the positive-and negative-ion densities at the sheath-bulk boundary. , and for neutral species
. Despite the abundance of helium in the discharge the density of He metastables are orders of magnitude smaller due to the rapid quenching by oxygen species (Penning ionization). These results agree well with experimental observations made in a comparable rf discharge by Ellerweg et al. 40 regarding the concentration of atomic oxygen and with the spatial profile reported by Waskoenig et al. using TALIF. 21 The results also agree with other studies that suggested that in HeþO 2 (0.5%) discharges the O density is about one order of magnitude higher than that of ozone. 1 The density profiles of neutral species are similar to the charged species, but in the sheath they are less steep. Both the ambipolar field and the surface reactions affect charged species, but only the latter can directly influence the density of neutral species. Although not shown explicitly, it is noted that the density of the main ROS remain almost constant during one RF cycle due to their relatively long life time as compared to the RF period.
ROS are crucial for many atmospheric-pressure applications, particularly in plasma medicine where they are directly related to free radical biology. 41 Since atomic oxygen is the most abundant ROS (see Fig. 3(a) ), it is worth examining its production mechanisms in more detail. Furthermore, atomic oxygen is also the main precursor for the formation of ozone (R57 in Table II), the longest lived ROS generated by the plasma which can have long range effects in application scenarios where the plasma is located remotely. As shown in Fig. 4(a) found not to be important in the active plasma, although this process is expected to become significant in the afterglow. 42 The above processes account for $99% of ground state O generation. Breaking the O-O bond requires >5.1 eV and therefore the main generation processes are directly or indirectly linked to energetic electrons. This implies that an increase in electron temperature will lead to higher efficacy of O production. Fig. 4(b) shows the main destruction processes of ground state O. These are dominated by recombination (R55) and ozone production (R57). Due to its large lifetime, ozone molecules can escape the discharge (radial and axial fluxes) with the rest being destroyed in the gas phase via collisions with O 2 (b) (R52-53).
IV. POWER DISTRIBUTION
The input power is directly coupled to charged species in the discharge by accelerating them in the applied electric field. The energy gained by these species is then transferred via collisions to neutral species, resulting in excitation, generation of new plasma species, and heating of the background gas and electrodes. The time-averaged power density (JÁE) coupled to electrons, positive ions and negative ions are shown in Fig. 5 . As expected, in the sheaths most of the power is coupled to positive ions that are accelerated against the electrodes. For the conditions of this study, 14.4% of the input power is coupled to ions and due to the collisional nature of the discharge most of this energy is transferred to the background gas, mitigating the ion bombardment of the electrode. On the contrary, in the bulk plasma the power is 
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mainly coupled to the electrons, which carry most of the conduction current. Given the electronegative nature of the discharge, however, negative ions also contribute to this current and 3.1% of the input power is coupled to anions. Given the large collisionality of atmospheric-pressure plasmas (collision frequency >> rf frequency), the ratio of the power coupled to the electrons to the power coupled to the ions is given by the ratio of their mobilities. At atmospheric pressure ions have mobilities in the order of 10-20 cm 2 V À1 s
À1
(see Table I ) while electrons in the range of $10
. Therefore in electropositive discharges where the electron and ion densities are equal, the power coupled to ions in the bulk plasma is typically <2%. In the bulk region of electronegative plasmas, however, because the ion-density is higher than the electron density, larger proportion of the input power is coupled to the ions. For example, in this study the electronegativity of plasma is around 1, which means the total ion density (anions and cations) is higher than the electron density by a factor of 3, and therefore in the bulk region approximately 6% of the input power is coupled to ions (see Fig. 5 ). At higher oxygen concentrations the discharge becomes more electronegative and therefore the power coupling to the electrons will become increasingly less efficient. Increased attachment and reduced power coupling to the electrons lead to the decrease of the electron density as the oxygen concentration in the background gas and the discharge electronegativity increase. 43 As discussed earlier, in HeþO 2 plasmas the generation of ROS requires energetic electrons to initiate the reactions that lead to the formation of O and other reactive species (see Fig.  4(b) ). Therefore although oxygen is required to generate ROS, once the discharge starts to become electronegative the decrease in electron density competes with the increasing oxygen content and eventually hinders the production of ROS. As a result HeþO 2 plasmas are typically operated with reduced amount of oxygen and maximum process efficacy is often encountered at oxygen concentrations below 1%. 44, 45 In the last decades, global models have been used to study low-pressure electronegative plasmas [46] [47] [48] [49] and in recent years these models have been extended to the study electronegative atmospheric-pressure discharges. [15] [16] [17] [18] In these models it is customary to assume that the input power is mainly coupled to the electrons 50 with various approximations regarding the power coupled to ions in the sheath. 15, 16, 47 The power coupled to ions in the bulk, however, is normally neglected. As discussed in the previous paragraph, however, the power coupled to the ions in the bulk should be taken into account particularly as the electronegativity of the discharge increases above 1. For atmospheric pressure discharges, the amount of power coupled to ions can be estimated by mobility ratios and therefore it can be readily incorporated in global model calculations.
V. RADIAL AND AXIAL NEUTRAL FLUXES
The radial and axial fluxes of neutral species can affect the particle balance in the discharge but little studies have analyzed their influence in atmospheric pressure rf plasmas.
A. Radial losses
Radial losses may be important for the depopulation of long-lived species that are not readily quenched in the plasma volume. Several studies have neglected radial loses without explicit justification 17, 25, 51 whereas others have assumed a thermal flux neglecting radial diffusion speed. 15 Here we derive analytical expressions that could be used to estimate these losses in global and 1-dimensional models and asses their relative importance in atmospheric pressure plasmas. Radial losses are due to diffusion (S d,I ¼ C i s=V) and advection (S f,I ¼ n i F=V) but since in a 1D model the radial density profile is not explicitly considered, an estimation of the radial fluxes based on the geometry and chemistry of the discharge is needed. Expressed in units of [cm À3 s
À1
], radial and advection losses can be directly compared with the volume reaction rates that destroy neutral species in the plasma in order to assess their significance.
The mass conservation equation for long-lived species i is given by dn i r; u; z; t ð Þ dt À D i r 2 n i r; u; z; t ð Þ¼S r;i r; u; z; t ð Þ :
Since the radial direction (r) is not solved for in the simulation, we aim at an approximated solution of Eq. (11) that could be used to estimate radial losses based on the density values at the centre of the discharge. The following assumptions are made in order to obtain an analytical solution:
1. The lifetime of the long-lived neutral species is much larger than the rf period and therefore its density can be considered independent of time. This is generally true for long-lived species in an rf plasma. 2. The density profile is axisymmetric. Depending on how the gas is fed into the discharge, the background flow could perturb the discharge symmetry. For the flow rate and geometry under consideration here, however, the advection loss rate is found to be negligible and therefore an axisymmetric profile is a save assumption. 3. The density profile along the axis of symmetry (i.e., across the gap) is approximated to be uniform. This is a reasonable approximation if one neglects the depleted areas near the electrodes (see Fig. 3(b) ). 4. In order to obtain an analytical solution, it is also assumed that the generation rate is uniform in space. 5. Outside the electrode region plasma species are rapidly removed and therefore at r ¼ R the radial flux of species equals to the thermal flux, i.e., ÀD 
Let us first consider a limiting case of a species that is created with a rate G and that is not destroyed in the plasma, i.e., a long lived species that will be balanced solely by radial diffusion. The solution to Eq. (12) in this case is
where n o is the density at r ¼ 0. Therefore the radial loss as a function of the central density is given by
If the "diffusion speed" (D=R) is much larger than the thermal velocity, the radial density profile becomes fairly flat and the radial flux due to diffusion approaches 1 4 n o v th . For parallel plate atmospheric pressure plasmas, however, D=R ($1 cm=s) tends to be much smaller than the thermal velocity ($10 4 cm=s) and the density profile becomes parabolic with a much lower density on the edges than at the centre (see Fig. 6 ). In this case the radial losses are smaller than the thermal flux based on the central density.
For most species in the plasma, however, there will be reactions that destroy them in the gas phase and radial diffusion will not be the only destruction mechanism. As an example, let us consider ground state O, the most abundant ROS. With the assumptions listed above, Eq. (11) can be simplified for ground state O to
where G is the average generation rate (constant) due to gas phase reactions and K the reaction frequency for the destruction of O (linear approximation). Solution of Eq. (15) yields 
where I 0 is the modified Bessel function of zero order. Equation (16) can then be used to determine the density at r ¼ R and the radial loss of plasma species (16)) and without ( : Eq. (13)) volume loss. Fig. 6 . As a result of the volume loss, the density profile flattens and for a given central density (n o ), larger density exists at the edge (r ¼ R) when gas phase destruction exists. The radial diffusion loss rate for ground state O (Eq. (17) , about 3 orders of magnitude smaller than that of O in the gas phase reactions (Fig. 4(b) ) and therefore radial diffusion loss of O can be neglected.
Similar analysis of the diffusion radial loss of the other neutral species in the plasma suggests that for the parallel plate configuration considered here, diffusion radial losses can be neglected for all the species except for ozone.
It is noted that we have assumed that species will be readily removed once they diffuse out of the plasma region. Ozone, however, is likely to build up in the atmosphere surrounding the plasma if the gas is not actively circulated. If ozone is allowed to build up, the boundary condition for the solution of Eq. (11) will change and the resulting radial ozone flux will decrease becoming eventually negligible as well.
Besides diffusion, advection also contributes to radial losses. In this study a gas flow rate of F ¼ 1 L=m is considered, corresponding to a characteristic gas flow speed of F= (2Rg , respectively. These are more than an order of magnitude smaller than the loss due to gas phase reactions (see Fig. 4(b) for O) and radial diffusion, and therefore advection can be neglected in this case. At higher flow rates, however, advection can become an important loss mechanism and it should be accounted for in the simulations.
B. Axial losses
Axial losses due to flux of species to the electrodes are important for two reasons. First they can affect the particle balance in the discharge and therefore the densities obtained in the plasma; and secondly, the flux of species to the electrodes represent the plasma dosage experienced by a target sample during a direct plasma treatment.
ROS such as O, O 2 (a), and O 3 are considered key species for plasma functionalization and plasma medicine. At present, however, little information is found in the literature regarding the actual plasma dosage as this is difficult to quantify. This hinders the application of plasmas and their standardization.
Net axial losses are determined by incoming fluxes and surface reactions on the electrodes=target. These reactions, however, are difficult to predict and reaction rates are often unknown. For modelling purposes, we assume here that species reaching the electrodes will be adsorbed with a certain probability p i , regardless of what reaction they may undergo. Thus, for a given probability p i the electrode loss for neutral species i is
where EL i represents the electrode loss of species i in the unit of cm À3 s
À1
, p i the adsorption probability of species i, and s e the total area of electrode-plasma interface. p i is an adsorption=reaction probability with value between 0 and 1. To assess the influence of p i on the net flux of species reaching the electrode, i.e., the plasma dosage, p i is swept by 5 orders of magnitude from 10 À5 to 1. For simplicity, the same value of p i is applied to all the species. The resulting time-averaged densities and fluxes of ROS at the plasmaelectrode interface are shown in Fig. 7 . For small values of p i (<10 À3 ), the adsorption is negligible and it does not affect the density on the gas phase. For p i > 10
À3
, however, the loss at the electrode becomes significant and the density of species in the plasma-electrode interface decreases monotonically with increasing p i . As a result, the electrode loss rate (EL i ) increase monotonically at very low values of p i but it remains fairly constant for p i > 10
. This result indicates that surface reactions are likely to be diffusion limited when p i > 0.001 due to the large collisionality of the plasma. Therefore even if p i is not known precisely, the plasma dosage can be estimated with reasonable accuracy because EL i becomes fairly independent of p i .
Even though electrode losses are negligible when compared with gas phase reactions (e.g., electrode loss rate of ground state O is $10 17 cm À3 s
À1
, 2 orders of magnitude lower than that of gas phase loss), electrode losses need to be taken into account in order to estimate the actual plasma dosage received by a target.
VI. CONCLUSIONS
A 1-dimensional computational study of atmosphericpressure rf Heþ(0.5%) O 2 cold plasmas is presented. The fluid model used incorporates 17 species and 60 gas phase reactions, which had been identified as the main species and reactions in a previous study with a more comprehensive chemistry model (250þ reactions). O A power analysis indicates that 18% of the input power is coupled to ions. Besides the power coupled to positive ions as these are accelerated in the sheaths, >5% of the input power is dissipated by ions in the bulk. This amount will increase further as the electronegativity increases and therefore it should not be assumed that power in the bulk is only coupled to electrons in atmospheric-pressure electronegative plasmas.
Expressions to estimate the radial loss of neutral species in zero and one dimensional studies are developed and the importance of these losses in atmospheric pressure plasmas is discussed. Given the large collisionality, loss of particles is diffusion limited (D=R << v th ) and as a result, this loss is negligible for most species in the plasma. For long lived species such as ozone, however, this loss should be taken into account if plasma species are not allowed to build up in the surrounding environment.
As a result of the diffusion limited situation, electrode loss of neutral species is nearly independent of the surface adsorption probability p when p > 0.001. As a result, the electrode loss can be quantified even if p is unknown (as it is often the case in practical scenarios). This can be of great valuable for novel plasma applications like surface functionalization and plasma medicine for which surface reactions remain largely unknown.
Therefore we expect that the results presented in this paper lead to a better understanding of HeþO 2 plasma dynamics and chemistry, provide relations for improved global models of atmospheric-pressure electronegative plasmas, and benefit the investigation of plasma surface interactions in emerging plasma medicine applications.
